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A photoelectronic device for measuring plasma temperatures with a 
time resolution on the order of 5 �9 10 "~ see is described. Certain re- 
sults of measurements are presented. 

P l a s m a  j e t s  a r e  now used  m o r e  and m o r e  e x t e n -  
s i ve ly  in v a r i o u s  b r a n c h e s  of s c i ence  and technology.  
F o r  a number  of r e a s o n s  (flow tu rbu lence ,  a r c  shun t -  
ing, nonuni form e r o s i o n  of e l e c t r o d e  m a t e r i a l ,  e tc . ) ,  
the t e m p e r a t u r e  at a c e r t a i n  point  of the j e t  does  not 
r e m a i n  cons tan t  but  f luc tua tes  about a c e r t a i n  mean  
va lue .  In many  c a s e s ,  it  i s  i m p o r t a n t  to know these  
f luc tua t ions .  Data  on t h e i r  s p e c t r o s c o p i c  d e t e r m i n a t i o n  
a r e  p r e s e n t e d  in [1]. 

By m e a n s  of the pho toe l ec t ron i c  dev ice  d e s c r i b e d ,  
the t e m p e r a t u r e i s  d e t e r m i n e d  f r o m  the r e l a t i v e  i n -  
t ens i ty  of the s p e c t r a l  l ines .  The e x p r e s s i o n  fo r  the 
t e m p e r a t u r e  can be w r i t t e n  in the fo l lowing f o r m  [2]:  

T=[(E2--E1)/k][1. / (  In ItI~ - - l n  %"lA1g~A2g2 )]" (1) 

F o r  many  p a i r s  of l ines ,  the quan t i t i e s  VnAngn/vmAmg m 
have been  d e t e r m i n e d  e x p e r i m e n t a l l y .  Then, knowing 
E i and E2, we can e a s i l y  d e t e r m i n e  the t e m p e r a t u r e  
f r o m  Eq. (1). F o r  th is  pu rpose ,  it  i s  suf f ic ien t  to m e a -  
su r e  ln(I i / I2) .  Since coppe r  e l e c t r o d e s  a r e  u su a l l y  e m -  
p loyed  in p l a s m a  g e n e r a t o r s ,  the coppe r  l ines  ki  = 
= 5153 ~ and X 2 = 5105 ~ w e r e  s e l e c t e d  for  the m e a -  
s u r e m e n t s .  F o r  these  l ines ,  e x p r e s s i o n  (1) can be 
w r i t t e n  a s  [3] 

I2 ]J 

The quant i ty  In (Ii/I2) , which depends  l i n e a r l y  on l / T ,  
i s  d e t e r m i n e d  with the pho toe l ec t ron i c  dev ice  whose  
b lock  d i a g r a m  is  shown in F ig .  1. The dev ice  o p e r a t e s  
a s  fo l lows.  

The r a d i a t i o n  f r o m  a c e r t a i n  point  of p l a s m a  j e t  (PJ)  
i s  d i r e c t e d  by mean  of l ens  1 to m o n o c h r o m a t o r  M, at  
whose  exi t  t h e r e  a r e  two s l i t s  fo r  s e p a r a t i n g  the r e -  
qu i r ed  s p e c t r a l  l i nes .  These  l ines  s t r i k e  r e f l e c t i n g  
p r i s m  2 and a r e  d i r e c t e d  to p h o t o m u l t i p l i e r s  3, 4, whose  
a m p l i f i c a t i on  f a c t o r s  a r e  the s a m e  in the work ing  w a v e -  
length r eg ion .  These  a m p l i f i c a t i o n  f a c t o r s  a r e  r e g u -  
la ted  by apply ing  to the m o d u l a t o r  a b i a s  nega t ive  r e l a t i v e  
to thepho toea thode .  A ZS-1  f i l t e r  is  used  to s e p a r a t e  the 
work ing  wavelength  i n t e r v a l  f r o m  the s p e c t r u m  of the 
a u x i l i a r y  lamp.  The p h o t o m u l t i p l i e r  loads  a r e  type 
D310 log diode c i r c u i t s .  Each c i r c u i t  c o n s i s t s  of e ight  
d iodes .  S ignals  f r o m  the pho tomul t i p l i e r  loads ,  p r o -  
p o r t i o n a l  to the l o g a r i t h m  of the s p e c t r a l  l ine i n t en -  

s i t i e s  I 1 and I2, a r e  fed to the input of d i f f e r e n t i a l  
a m p l i f i e r  5. The a m p l i f i e r  output vo l t age ,  p r o p o r -  
t iona l  to In (I1/I2), i s  p a s s e d  through cathode fo l l ower  
unit  6 to loop o s c i l l o g r a p h  9 and to the v e r t i c a l  d e -  
f l e c t o r s  of a c a t h o d e - r a y  o s c i l l o g r a p h .  

The cathode f o l l o w e r s  a r e  r e q u i r e d  to ma tch  the 
h i g h - r e s i s t a n c e  output of the d i f f e r e n t i a l  a m p l i f i e r  
with the l o w - r e s i s t a n c e  input of the loop o s c i l l o g r a p h .  
In th is  ca se ,  the c a t h o d e - r a y  o s c i l l o g r a p h  i s  u sed  to 
examine  a s m a l l  p a r t  of the p r o c e s s  r e c o r d e d  on the 
loop o s c i l l o g r a p h  with g r e a t e r  r e s o l u t i o n .  This  a l so  
m a k e s  i t  p o s s i b l e  to check the d i s t o r t i o n s  in t roduced  
by the loop o s c i l l o g r a p h .  

In the s t a r t i n g  s t a t e ,  the c a t h o d e - r a y  o s c i l l o g r a p h  
i s  in the d r i v e n  mode .  When a s ignal  i s  r e c o r d e d  on 
the loop o sc i l l og ra ph ,  i t s  con tac t s  10 a r e  c losed  and 
a pos i t ive  vo l tage  d rop  a p p e a r s  at  the input of m u l t i -  
v i b r a t o r  8. This  pos i t ive  d rop  is  u sed  to t r i g g e r  the 
m u l t i v i b r a t o r  and the c a t h o d e - r a y  o s c i l l o g r a p h .  The 
m u l t i v i b r a t o r  p r o d u c e s  a pu l se  of pos i t i ve  p o l a r i t y ,  
which i s  fed to the m o d u l a t o r  of the c a t h o d e - r a y  tube 
and to one of the loops .  In th i s  case ,  the sweep t i m e  
i s  made  somewhat  g r e a t e r  than the length of the i n -  
t e n s i f i e r  pu lse .  The o s c i l l o g r a m s  were  pho tographed  
by  m e a n s  of a s p e c i a l  pho tograph ic  a d a p t e r .  

The e r r o r  6 in m e a s u r i n g  the l o g a r i t h m  of the r a t i o  
of the s p e c t r a l  l ine i n t e n s i t i e s  i s  c o m p o s e d  to the e r -  
r o r s  in t roduced  by  the ind iv idua l  uni ts  of the c i r c u i t  
and can be w r i t t e n  as  

6 = 61+ 6~-F 5a +6~+ 05-+ O+ 

The e r r o r  51 o c c u r s  at  a high leve l  of i l l umina t ion ,  
but s ince  in our  c a s e  the leve l  i s  low, it  can be n e -  
g lec ted .  The abso lu te  va lue  of 62 i s  d e t e r m i n e d  f r o m  
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Fig. I. Block diagram of the photoelectronic 
device. 
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Fig .  2. Dynamic  r e s p o n s e  
of the p h o t o e l e c t r o n i c  d e -  

v i ce  (6 in %, f in kHz). 

the e x p r e s s i o n  62 = I n  M. I n o u r  a p p a r a t u s ,  M did not e x -  
ceed 1.01, and 6 2 0.01: This  e r r o r  has a c o n s t a n t v a l u e  
and c a n b e  taken into account  dur ing  ca l ib ra t ion .  F o r  the 
d iodes  employed ,  the e r r o r  63 i s  p r a c t i c a l l y  equal  to 
ze ro  at  c u r r e n t s  above 3 #A. In the c i r c u i t  in ques t ion ,  
the a v e r a g e  v a l u e s  of the c u r r e n t s  through the d iodes  
w e r e  75-100  gA, so that  th is  e r r o r  can  be neg lec ted .  
Only the dynamic  e r r o r s , ' w h i c h  for  D310 d iodes  a r e  
p r a c t i c a l l y  absen t  up to f r e q u e n c i e s  on the o r d e r  of 
10 kHz, may  be impor t an t .  The c u r r e n t - v o l t a g e  c h a r -  
a c t e r i s t i c s  of the diode c i r c u i t s  d i f fe r  by  a cons tant  
amount  of 14 inV. This  l eads  to the a p p e a r a n c e  of a 
cons tan t  m e a s u r i n g  e r r o r  64, which i s  t aken  into a c -  
count du r ing  c a l i b r a t i o n ,  The e r r o r  65 i n c r e a s e s  l i n -  
e a r l y  with i n c r e a s e  in f r e q u e n c y  and at  2 kHz is  1.43%. 
The e r r o r  66 a l so  depends  on f requency .  This  e r r o r  
is  a l m o s t  equal  to ze ro  up to 1200 Hz and begins  to ~n- 
c r e a s e  s h a r p l y  at  f r e q u e n c i e s  above 1300 Hz. Thus,  
w h e r e a s  at  f = 1300 Hz 66 = 1.54%, at  f = 1500 Hz 
66 is  9.2% and r e a c h e s  34% at 2 kHz. The dependence  
of the m e a s u r i n g  e r r o r  6 on f r equency  i s  shown in 
F ig .  2. 

The c a l i b r a t i o n  of the a p p a r a t u s  involves  feeding  to 
the p h o t o m u l t i p l i e r s  two l ight  f luxes  in the work ing  
wavelength  r e g i o n  with a known in t ens i ty  r a t i o .  Then 
the dependence  of the de f l ec t ion  of the loop  o s c i l l o -  
g raph  spot  on the l o g a r i t h m  of the r a t i o  of these  f luxes  
i s  d e t e r m i n e d .  If the e r r o r  62 can be neg lec ted ,  the 
c a l i b r a t i o n  c o n s i s t s  in d e t e r m i n i n g  the dependence  of 
the spot  de f l ec t ion  ampl i tude  on the l o g a r i t h m  of the 
r a t i o  of the c u r r e n t s  p a s s i n g  through the d iodes .  The 
g raph  of th i s  dependence  is  a s t r a i g h t  l ine with only a 
s l ight  dev ia t ion  at  l a rge  output vo l t ages ,  when the non-  
l i n e a r i t y  of the ampl i tude  c h a r a c t e r i s t i c s  of the a m -  
p l i f i e r  and the ca thode fo l lower  unit  beg ins  to have an 
ef fect .  F o r  the above r e a s o n ,  the a m p l i f i e r  ga in  should 
be such as  to e n s u r e  o p e r a t i o n  on the l i n e a r  i n t e r v a l  
of the c a l i b r a t i o n  cu rve .  In our  p a r t i c u l a r  ca se ,  the 
ga in  was  500. 

The inves t iga t ions  w e r e  c a r r i e d  out on a p l a s m a  
g e n e r a t o r  without  a mix ing  c h a m b e r .  The work ing  gas  
was  n i t rogen .  The gas  flow r a t e  was  2 g / s e c ,  The 
a v e r a g e  va lue s  of the c u r r e n t s  and vo l t ages  we re  300 
A and 240 V. We used  the r a d i a t i o n  of the j e t  in the 
d i a m e t r a l  d i r e c t i o n  at  a d i s t ance  of 2 cm f r o m  the 
out le t .  It was e s t a b l i s h e d  that  the quant i ty  In (IJI~)  
f luc tua tes  ove r  a b r o a d  f r e q u e n c y  range  ( f  = 100-2000 
Hz) (Fig .  3). These  f luc tua t ions  a r e  a l m o s t  independent  
of the power  in the j e t  and a r e  r a n d o m  in c h a r a c t e r .  
As a manua l  a n a l y s i s  of the o s c i l l o g r a m s  showed,  the 
p robab i l i t y  c h a r a c t e r i s t i c s  of th is  r a n d o m  p r o c e s s  do 
not v a r y  with t ime .  This  sugges t s  that  the l oga r i t hm 
of the r a t i o  of the i n t e n s i t i e s  of the two s p e c t r a l  l ines  
and, hence,  the t e m p e r a t u r e  r e p r e s e n t  s t a t i o n a r y  r a n -  
dom p r o c e s s e s .  The i n t e g r a l  t e m p e r a t u r e  d i s t r i b u t i o n  
curve ,  p lo t ted  to a p r o b a b i l i t y  sca l e ,  is  c lose  to a 
s t r a i g h t  l ine (Fig .  4). This  i nd i ca t e s  that  the t e m p e r a -  
ture  d i s t r i bu t i on  law is  c l o s e  to no rma l .  In th is  ca se ,  
the a v e r a g e  va lue  of the t e m p e r a t u r e  was  5857 ~ K, and 
the s t anda rd  dev ia t ion  ~ was  175 ~ K, which is  much 
l e s s  than in [1]. Obvious ly ,  in the p e r i p h e r a l  r e g i o n s  
of the j e t  the s t a n d a r d  dev ia t ion  wi l l  be g r e a t e r .  F r o m  

Fig. 3. Oscillogram of plasma j e t  parameters: i) voltage; 2) cur- 
rent; 3) In (Ii/I 2) = +I; zero current and voltage line; 4) In(Ii/I 2) = 

= 0; 5) In(I1/I2); 6) time mark (f = 500 Hz). 
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Fig.  4. Integral  t empera tu re  d i s t r i -  
bution law (T in ~ F(T) in %). 

the osc i l log rams  obtained, we also constructed the 
autocorre la t ion  function R(T), which by vir tue of the 
sma l lness  of the s tandard deviation was found to be 
p rac t i ca l ly  independent of T, i . e . ,  the power of the 
p rocess  is  chiefly concentrated at the frequency w = 0. 

As a l ready  pointed out, the osc i l log rams  were  an-  
alyzed manually.  F o r  this purpose the continuous r a n -  
dom p roces s  was d i sc re t i zed  on the bas i s  of the 
Kotel 'nikov theorem.  F r o m  the values of l n ( I J I  2) ob-  
tained and using re la t ion  (2), we found d i sc re t e  values  
of the t empera tu re ,  f rom which it is poss ible  to de -  
te rmine  the t empera tu re  dis t r ibut ion law and au tocor -  
re la t ion function. To construct  the au tocorre la t ion  
function, we used the re la t ion  [4]: 

1 Z TiTi+~ A t. R(~)- tl--~ 

In conclusion, we note that a more accurate  ana l -  
ys i s  of the r e su l t s  of the measurements  would requi re  

the use of a special  appara tus  for automat ical ly  ob- 
taining the n e c e s s a r y  probabi l i ty  c h a r a c t e r i s t i c s  of 
the random process .  

NOTATION 

E 1 and E z are  the excitat ion energ ies ,  I t and I z a re  
the spec t ra l  line intensi t ies ;  A 1 and A z a re  the t r a n s i -  
tion probabi l i t ies ;  gl and g2 are  the s t a t i s t i ca l  weights; 
T is  the tempera ture ;  61 is the e r r o r  due to nonlin-  
ea r i ty  of the photomult ipl ier  photoresponse;  62 is the 
e r r o r  due to inaccuracy in es tabl ish ing equali ty of the 
photomult ipl ier  gains; 63 is the e r r o r  due to the non- 
ideal  logar i thmic cur ren t -vo l tage  c h a r a c t e r i s t i c s  of 
the diode; 54 is the e r r o r  due to nonidentity of the c u r -  
ren t -vol tage  c h a r a c t e r i s t i c s  of the diode; 65 is  the e r -  
r o r  introduced by the di f ferent ia l  ampl i f ie r  due to non- 
ideal  subtraction; 56 is the e r r o r  introduced by the 
loop osci l lograph;  M is  the ra t io  of the photomult ipl ier  
gains; t 1 is  the r ea l i za t ion  t ime; At is  the sampling 
interval .  
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